Th2 cells play a pivotal role in the pathogenesis of allergic diseases, including asthma, but the molecular basis of the Th1/Th2 dichotomy and the precise molecular pathways leading to Th2-dominant immune responses are still unclear. To this end, we have combined suppression subtractive hybridization (SSH) and high throughput analysis of cDNA arrays spotted with IMAGE clones to determine the profile of differential gene expression in human allergen-specific Th2 cells. Allergen-stimulated Th2 cells were used as the tester, and either resting Th2 cells or stimulated Th1 cells were used as the driver. SSH was used to equalize different mRNA levels and remove common sequences between the tester and the driver. Comparison of cDNA arrays probed with subtracted tester and non-subtracted driver provided a profile of Th2-selective gene expression. Analysis of 77 sequence-confirmed and differentially expressed genes in Th2 cells showed predominant EST sequences, representing 80% of sequences analyzed. The pattern of gene expression in 19 selected sequences was further analyzed in additional Th1 and Th2 clones. A total of 15 sequences showed predominant expression in Th2 cells, while the remaining four EST sequences showed no detectable amplification signal. The database containing Th2-selective genes will further our understanding of Th2 cell function and the genetic basis of allergic diseases. Genes and Immunity (2001) 2, 88-98.
Introduction
Allergic diseases are often associated with elevated levels of IgE and Th2 responses to a variety of stimuli, such as inhaled allergens. 1 The regulation of IgE synthesis is controlled by the reciprocal activity of Th1 and Th2 cytokines, particularly IL-4 and IFN-␥. 2, 3 We and others have suggested that the allergic inflammatory state is a consequence of the generation of mediators and Th2 cytokines in the asthmatic airways. [4] [5] [6] [7] Similar features of Th2-associated eosinophilic inflammation and bronchial hyperreactivity have also been demonstrated in murine models of asthma. [8] [9] [10] [11] At present, the molecular basis and functional significance of the Th1/Th2 cytokine dichotomy are not understood. It is not clear to what extent the imbalance between Th1 (IL12 and IFN-␥) and Th2 (IL-4 and IL-13) cytokines may contribute to the process of allergic inflammation; it is also unclear how the inflammatory response ultimately leads to the expression of airway hyperreactivity.
There is good evidence that dysfunction of highly interactive molecular networks underlies the pathogenesis most complex diseases, including the atopic diseases. The expression of allergy and asthma is the net result of a complex array of molecular and cellular interactions, the regulation of which involves gene expression for components of receptors, signal transduction pathways, and modulators of transcription and translation. We hypothesized that in order to expeditiously sort out these complexities, identification of differentially expressed genes and characterization of their expression patterns across the whole genome would be a crucial first step. New approaches in functional genomics allow for such analyses. 12 These include cDNA and oligonucleotide arrays, [13] [14] [15] [16] a method involving serial analysis of gene expression (SAGE), 17 and differential display. 18 cDNA/ oligonucleotide microarray or DNA-chip technology allows monitoring of all expressed genes simultaneously, thus providing a format for identifying both alterations in individual genes and changes in transcriptional activity on a whole genome scale. This approach has been used to obtain expression profile of complex diseases and discover novel disease-related genes. [19] [20] [21] [22] [23] These studies provide proof-of-concept for the utility of the cDNA microarray systems in the analysis of gene expression and function in human diseases.
Microarrays may serve as targets for hybridization of cDNA probes prepared from mRNA samples derived from cells or tissues, thus allowing the contemporaneous analysis of differential gene expression. The sensitivity of detection can be greatly improved by reducing the complexity of the probe and/or by systematically increasing the representation of rarer mRNAs. The recent development of PCR-based technologies for enrichment of cDNAs with low abundance and for detection of differentially expressed genes in samples of limited RNA quantities, combined with microarray hybridization methods, allows for efficient identification of differentially expressed genes in cell and tissue samples. [24] [25] [26] In this communication, we have performed experiments to generate differentially expressed EST or cDNA sequences in Th2 cells, using a combination of protocols including suppression subtractive hybridization and cDNA array analysis.
Results

Outline of experimental protocol
The overall experimental protocol is shown in Figure 1 . Subtractive hybridization allows acquisition of differentially expressed genes. 26 In general, the cDNA that contains differentially expressed transcripts is used as the tester, and the reference cDNA as the driver. Tester and driver cDNAs are hybridized, and the hybrid sequences are then removed. Consequently, the remaining unhybridized cDNAs represent genes that are expressed in the tester, but are absent from the driver mRNA. To identify differentially expressed genes in activated Th2 cells, we performed experiments to 'enrich' differentially expressed cDNAs from the cells by 'SMART' PCR and by suppression subtractive hybridization using enriched cDNAs from activated Th2 cells as the 'tester', and enriched cDNAs from the respective unstimulated cells or activated Th1 cells as the 'driver'. The tester and driver cDNAs were first digested with Rsa I. The tester cDNAs were then subdivided into two portions, and each ligated with a different cDNA adaptor (see Materials and methods). Two rounds of hybridization were performed, Figure 1 Outline of experimental protocol.
Genes and Immunity and the resulting mixture of hybridized products were amplified by a nested PCR with primers specific for each of the oligonucleotide linkers. Aliquots of the subtracted cDNAs were used as hybridization probes for array analysis (see below).
An aliquot of PCR product was labeled with 33 P-␣-dCTP and used as a probe for hybridization to human cDNA arrays on hybridization-ready filters (Genome Systems, St Louis, MO, USA). We chose the Genome Systems arrays, which contain by far the largest number of ESTs per unit cost. Following probe hybridization, the filter was analyzed by PhosphorImager, and the identity of positive spots determined by Genome Systems' analytical software.
Several control experiments were performed in parallel, including testing of the ligation and subtractive hybridization efficiencies. To increase the confidence level of identifying truly positive clones, we utilized two independent strategies: (i) the array profiles of subtracted cDNA sequences (the subtracted tester) were compared with those of enriched cDNA sequences from the driver (this comparison should, in principle, eliminate falsepositives), and (ii) differential expression of subtracted cDNA sequences and array positive clones were further confirmed by screening of independent RNA samples (see below).
Analysis of ligation efficiency
To test ligation efficiency, the intensity of the PCR products for a housekeeping gene, G3PDH, was analyzed (Figure 2 for representation). Amplifications of G3PDH cDNA was performed using G3PDH-specific primers and a primer pair consisting of G3PDH 5′ end-specific primer and adaptor primer; the intensities of the respective products were compared to determine the ligation efficiency. It is our experience that by using this protocol, the intensity ratios of adaptor-ligated vs gene-specific products are usually over 25%, and any ligation experiments with value below 25% were repeated. This control experiment was designed to amplify fragments that span the Figure 2 Ligation efficiency analysis. First-strand cDNA was synthesized from 0.5 g of each RNA sample using Superscript reverse transcriptase, followed by PCR using a cDNA enrichment protocol (ClonTech). Each ligated cDNA from the testers with adaptor 1 or adaptor 2R was amplified using either (i) G3PDH primer pairs as a control, or (ii) G3PDH 5′ primer paired with primer 1 containing adaptor sequences.
adaptor/cDNA junctions of testers, using G3PDH and adaptor primers. From each tester and driver, the purified ds cDNAs were digested with Rsa I to generate shorter, blunt-ended ds cDNA fragments. The adaptor ligations (adaptor 1 and adaptor 2R, respectively) were performed for each experimental tester cDNA.
Suppression subtractive hybridization
To estimate the efficiency of subtraction, PCR analysis of the abundance of known cDNAs before and after subtraction were performed, using two non-differentially expressed genes (G3PDH and ␤-actin), and a gene (IL-13) known to be differentially expressed between the resting Th2 (the driver) and the activated Th2 cells (the tester). Figure 3 shows a representative result. While the majority of the housekeeping genes are successfully removed, as demonstrated by the absence of PCR products for both G3PDH and ␤-actin after 25 cycles, the amplified products for IL-13 can be seen after two rounds of subtraction. However, vestigial housekeeping genes can still be detected in the subtracted products after 30 cycles (Figure 3a) . There was a 100-fold reduction in the amount of G3PDH following subtractive hybridization, as demonstrated by a quantitative, 'real-time' PCR, using a probe for internal G3PDH sequences (Figure 3b ). 
cDNA microarray hybridization
The PCR mixtures of subtracted products were used as hybridization probes to screen cDNA arrays for gene identification. An aliquot of PCR products was labeled with 33 P-␣-dCTP and used as a probe for hybridization to human cDNA arrays on hybridization-ready filters. Following probe hybridization, the filter was analyzed by PhosphorImager, and the identity of positive spots determined by Genome Systems' analytical software. The filter images and the data were down-loaded from Genome Systems' server, which also provided lists of differentially expressed genes. Using the normalized data values, each spot intensity on one filter was compared to the corresponding spot on another filter.
In our initial experiments to check the consistency of suppression subtractive hybridization (SSH) and cDNA array hybridization, we used the same RNA samples and followed exactly the same condition; the results showed a reproducible image profile of the gene expression pattern (data not shown). When gene expression profile was compared between subtracted cDNA products from activated Th2 cells (8 h after activation; the subtracted tester) and enriched driver cDNAs of resting Th2 cells (the driver), the top 10 of subtracted genes are predominantly involved in cell cycle regulation (data not shown). A reciprocal comparison of the driver vs the subtracted tester was made, the top 10 genes are predominantly common sequences (ribosomal RNAs, etc), demonstrating successful removal of common sequences by SSH (data not shown). Using different driver populations for comparison, we were able to identify the genes that are induced by allergen stimulation and genes that show differential expression pattern between Th1 and Th2. When activated Th2 cells were used as the tester, and stimulated Th1 cells as the driver, the subtracted genes were fewer because all of the induced genes common to the two cell types were further subtracted leaving induced genes that are only expressed in Th2 cells. Prior to the analysis of differential gene expression in Th1 and Th2 cells, aliquots of the cells were used in parallel to ensure a similar level of proliferative response to ragweed allergen was observed. Figure 4 shows representative hybridization images from analyses of the expression patterns. Filter A represents a partial image of the hybridization pattern from subtracted cDNA products from activated Th2 cells (2 h after activation) as the tester, and Filter B from enriched driver cDNAs of activated Th1 cells (2 h). From the data output, a total of 77 array-positive and sequence-verified clones was selected for further analysis (Table 1) . These selected clones showed positive hybridization only on Filter A (subtracted tester), and no detectable signal on Filter B (enriched driver). The majority (80%) of the genes are EST sequences; the rest of genes are known sequences encoding signaling molecules, transcription factors and receptors. To further confirm differential gene expression, 19 representative sequences with varying levels of array hybridization signal seen in Th2 cells were selected, and subjected to a semi-quantitative RT-PCR analysis of three additional Amb a I-specific Th1 and Th2 clones, respectively. Results showed that while four EST sequences showed amplification signals, expression of 14 sequences (2 h). To generate hybridization probes from each sample and the DNA Orientation Marker (provided by Genome Systems), Amersham's Rediprime DNA labeling system was used. Prior to the hybridization step, the cDNA filters were washed 3 times in 2× SSC, 0.1% SDS to reduce the residual bacterial debris, transferred to roller bottles and prehybridized in 60 ml prehybridization solution containing 6× SSC, 5× Denhardt's reagent, 0.5% SDS, 100 g/ml fragmented, denatured salmon sperm DNA and 50% formamide for 2 h at 42°C. Hybridization was performed at 42°C for 16 h in hybridization buffer. The filter membrane were washed twice with 50 ml 2× SSC, 0.1% SDS at RT for 5 min each, followed by washing with 100 ml 0.1× SSC, 0.1% SDS at RT for 10 min. After washings, the filters were imaged on a PhosphorImager. is seen only in Th2 cells (Table 2 ) and one EST sequence showing a higher level of expression in Th2 clones.
To determine the in vivo relevance of differential gene expression in Th2 cells, we have performed analyses of gene expression in cells from bronchoalveolar lavages (BALs) of asthmatic subjects challenged with allergen and saline control. Figure 5 shows representative data demonstrating the relative levels of four differentially expressed genes (identified in allergen-specific Th2 clones) in the BAL cells of two asthmatic individuals following allergen or saline challenge (19 h after challenge). Our results show three different patterns of gene expression. While increased expression of the genes encoding STAT6 and an EST sequence (R11180) is seen in the allergen-challenged BALs of both patients, decreased expression of the gene for lipoxygenase activating gene is found in the allergen-challenged BALs when compared to that of the saline control. The level of expression for another EST sequence (N49763) was similar in both allergen-and saline-challenged BALs. The expression of STAT6 and R11180 in allergen-challenged sites may be associated with Th2 inflammatory responses, consistent with the activation of IL-4-and IL-13-mediated gene expression.
Discussion
In this study, a combination of SSH and cDNA microarray was used to determine differential gene expression in human allergen-specific Th2 cells, providing rapid access to the names and sequences of candidate genes. Th2 cells are associated with dysregulated IgE production and allergic diseases, including asthma, which are known to be multi-genetic in nature and involve a complex array of molecular interactions. Identification of differentially expressed genes associated with activation of the Th2 cells is thus an important step to understand- ing the molecular basis of Th2 cell development and the pathogenesis of atopic diseases. The uses of available arrays are limited to the detection of abundant and moderately abundant transcripts. It is our assumption that the level of expression of genes that are critical to the regulation of allergic phenotypes are low and that their expression tends to be transient. To optimally identify differentially expressed genes, we systematically enriched the representation of rarer transcripts, and selectively amplified the genes with higher levels of differential expression. Several control experiments were performed in parallel, including analysis of subtractive hybridization efficiency. Using Northern blotting analysis to confirm differential gene expression, it has been demonstrated that the percentage of clones in the subtracted library that corresponds to differentially Representative sequences with varying levels of array hybridization signals seen in Th2 cells were selected for further analysis by RT-PCR using gene-specific primers. The normalized intensity on array filters is indicated. The accession numbers and the gene names (when applicable) are shown. PCR products were visualized by ethidium bromide-containing gel and photographed. The relative levels of expression in three allergen-specific Th1 and Th2 clones, respectively, were graded based on the intensity ratio of the target gene vs a house-keeping gene, G3PDH. ++, ratio Ͼ0.5; +, ratio Ͼ0.1, but less than or equal to 0.5; −, no detectable signal.
expressed transcripts varies considerably, ranging from 40 to 95%. 27 This range is similar to what we have experienced in studies of differential gene expression in human allergen-specific T cells. It is anticipated that inter-experimental variations will occur and a similar percentage of false positives will be obtained following two rounds of subtractive hybridization. For this reason, we have conducted two independent parallel experiments to minimize the false-positive rate. Thus, the inclusion of enriched driver cDNA probes for comparison is important for confirming the success of the subtractive hybridization procedure, and it serves as an additional and effective control sample for identifying false positives from this procedure. This has been evident that from a list of 19 selected sequences with varying degree of hybridization intensity, 14 sequences show expression only in Th2 cells (Table 1) . It is, however, noted that four selected clones are failed to be amplified from the T cells analyzed, using different pairs of PCR primers. The reason for this is currently unclear, but it could be due to an error in sequence annotation, or due to a non-specific hybridization. The latter possibility is likely, since the hybridization signals of all four sequences are low.
In addition to those genes that are 'upregulated' after antigen stimulation, it is likely that 'downregulated' genes can also be identified. This possibility will be evident following a 'reverse' subtractive hybridization and array hybridization, in which antigen-stimulated sample RNAs are used as the 'driver' and samples from resting or Th1 cells as the 'tester'. Work is in progress to examine this hypothesis. The subtractive hybridization method will potentially miss genes of biologic importance due to levels of expression not sufficiently 'different' between two samples. An additional inherent pitfall of using this strategy is its inability to allow quantitation of each differentially expressed gene in the original RNA samples. As the sensitivity of the array improves, probes can be generated directly from enriched cDNA samples for hybridization without additional subtractive hybridization steps, which will allow for quantitative assessment of gene expression over time after stimulation of the cells. In this regard, a recent study using a sensitive oligonucleotide array 29 demonstrated a quantitative profile of differential gene expression in Th1 and Th2 cells three days after activation with anti-CD3 and cytokine in vitro, but not by specific antigen. Of 215 differentially expressed genes (at least two-fold difference), the majority were predominantly expressed in Th1 cells.
Several recent studies have demonstrated selective expression of an orphan receptor (ST2) on murine Th2 cells and its involvement in Th2-cell function in vivo; 29, 30 preferential expression of the transcription factors c-maf and GATA-3, involved in IL4 gene expression in mouse Th2 cells, has also been described. [31] [32] In addition, human CRTH2 gene encoding a chemotactic factor binding receptor preferentially expressed on Th2 cells has recently been cloned. 33 However, our array analysis showed no preferential expression of CRTH2 in allergenspecific Th2 cells. This may reflect the difference in the antigen used, in the cells analyzed and/or in the length of time after cellular activation; alternatively, this may be due to the fact that the level of differential expression is not sufficiently high to be detected by the combination of SSH and array analysis. This observation underscores the complexity of cellular responses and the need for more comprehensive, comparative studies.
The search for the genetic factors controlling the expression of allergic diseases is currently an area of intense investigation. Current methods for identifying genes within a target chromosomal region include screening of cDNA libraries, exon trapping, cDNA selection, and genomic sequencing followed by bioinformatics involving comparison and prediction of exon sequences. [34] [35] [36] [37] [38] Because these strategies are based on selection of cDNA clones from various tissue libraries, an unknown fraction of expressed genes will not be identified by these means. Expressed sequences not identified will likely include cell-specific genes or low-abundance transcripts not expressed in the tissues under analysis. Identification of candidate ESTs or cDNAs, differentially expressed in relevant cell types, such as Th2 cells, will become logical candidate genes for investigation and will likely accelerate the process for susceptibility gene discovery. It is of interest to note that a differentially expressed EST sequence seen in both Th2 cells and in BAL cells of allergen-challenged sites (see Figure 5 ) is localized in chromosomal 11q12-q13 region (GeneMap 1998;  http://www.ncbi.nlm.nih.gov/genome/guide/ HsChr11.shtml), where a strong linkage to atopy and asthma has been previously demonstrated. 39 Furthermore, cloning and sequence experiments reveal that this sequence is a part of a novel gene encoding a potential transmembrane receptor with 30% sequence homology with the gene encoding the high-affinity IgE receptor ␤ chain. Work is in progress to determine its functional significance.
Since currently available arrays cover fewer than 45% of human transcripts, we anticipate that the database containing differentially expressed genes will be updated periodically. In the future, when combined with analysis of protein expression, these technologies will greatly facilitate our efforts to identify structure-function relationships and map the regulatory pathways that typify atopy and allergic diseases. The development of a database containing differentially expressed genes will be valuable in allowing construction of microarrays for a large-scale functional analysis of expressed sequences in different experimental contexts. In the future, when combined with analysis of protein expression using twodimensional gel electrophoresis and mass spectrometry, 40, 41 these technologies will offer a global view of pathophysiologic changes within the regulatory network, and provide opportunities for the identification of novel molecular targets for better and more effective therapies.
Materials and methods
Human allergen-specific Th-cell clones A panel of human allergen-specific T-cell clones were generated from two atopic subjects by biweekly stimulation of T cells with ragweed allergen extract or Amb a 1 (a major ragweed allergen) together with irradiated, Figure 5 Detection of gene expression in BAL cells from two asthmatic patients challenged with allergen and saline control. The BAL cells were collected 19 h after challenge as described in Huang et al. 7 RNA was extracted from the cells using RNAzol containing guanidine isothiocyanate. The purified RNA was reverse-transcribed into cDNA in the presence of oligo-d(T) as a primer, reverse transcriptase (2.5 U/l), RNasin (1 U/l), dNTPs (1 mm each), and MgCl 2 (5 mm). The resulting cDNA was then amplified using sequence-specific primers for STAT6, EST (R11180), lipoxygenase activating gene (LAP) or EST (N49763) sequence. Amplification of G3PDH was performed as a positive control. The intensities of PCR-amplified products were normalized by the intensity of G3PDH and the relative intensity ratio was calculated.
Genes and Immunity autologous PBMCs as APCs as described previously. 42 All T-cell clones showed specific responses to Amb 1 and were monoclonal based on clonotypic TcR ␤-gene expression. The cytokine phenotypes of Amb a 1-specific T-cell clones were examined by detecting cytokine secretion following stimulation of the cells with Amb a 1.
42
Synthesis and enrichment of cDNA T-cell clones were stimulated with allergen (10 g/ml) and their total RNAs were harvested at different time points after antigen stimulation. cDNAs were amplified with 15-20 cycles of PCR. First-strand cDNA was synthesized from 0.5 g of each RNA sample using Superscript II reverse transcriptase RNaseH − (1 U; Life Technologies, Rockville, MD, USA). Starting with 0.5 g of total RNA, a modified oligo(dT) primer (with T7 promoter sequence at 5′ end as an adapter sequence to optimize PCR annealing) is used to prime 1st-strand cDNA synthesis in the presence of first-strand buffer and dNTP mix (10 m each) at 42°C for 1 h, followed by PCR at subsaturating cycle numbers (usually 15-20 cycles) using a cDNA enrichment protocol (SMART cDNA synthesis, ClonTech, Mountain View, CA, USA). In the reverse transcription step, the enzyme's terminal transferase activity adds a few additional nucleotides, primarily deoxycytidine, to the 3′ end of the cDNA, thus creating an extended 'linker' sequence template for PCR. A primer (SMART oligonucleotide; provide by ClonTech), which has an oligo(G) sequence at its 3′ end, base-pairs with the deoxycytidine stretch, creating an extended template. RT enzyme then switches templates and continues replicating to the end of the oligonucleotide. The resulting full-length, singlestranded (ss) cDNA contains the complete 5′ end of the mRNA, as well as sequences that are complementary to the SMART oligonucleotide. From each tester and driver, the purified ds cDNAs were digested with Rsa I to generate shorter, blunt-ended ds cDNA fragments [optimal for subtraction and necessary for adaptor ligation (see below)]. The digested cDNAs were purified using a silica matrix-based PCR purification system (Qiagen, Chatsworth, CA, USA). Three adaptor ligations (adaptor 1, adaptor 2R and the combination of both adaptors, respectively) were performed for each experimental tester cDNA, in the presence of ligation buffer and T4 DNA ligase (400 units/ml) at 16°C overnight. The two adaptors have stretches of identical sequence to allow annealing of the PCR primer once the recessed ends have been filled in. A portion of each tester cDNA was ligated with both adaptors (unsubtracted tester control) and served as a positive control for ligation, and as a negative control for subtraction.
To test for ligation efficiency, the intensity of the PCR product for a housekeeping gene, G3PDH, was analyzed. Amplification of G3PDH cDNA was performed using G3PDH-specific primers and a primer pair consisting of G3PDH 3′ end-specific primer and adaptor primer. This control experiment was designed to amplify fragments that span the adaptor/cDNA junctions of testers, using G3PDH and adaptor primers. Each ligated cDNA from the testers with adaptor 1 or adaptor 2R was amplified using either (i) G3PDH primer pairs as a control, or (ii) G3PDH 5′ primer paired with primer 1 containing adaptor sequences. The PCR was carried out first at 75°C for 5 min to extend the adaptor sequences, followed by a 20-cycle PCR: 94°C/30 s, 65°C/30 s, 68°C/2.5 min. G3PDH 5′ Primer 5′-ACCACAGTCCATGCCATCAC-3′; G3PDH 3′ Primer 5′-TCCACCACCCTGTTGCTGTA-3′. Sequences of adaptors are listed as follows: Adaptor 1: 5′-CTAATACGACTCACTATAGGGCTCGA GCGGCCGCCCGGGCAGGT-3′ 3′-GGCCCGTCCA-5′ Adaptor 2R: 5′-CTAATACGACTCACTATAGGGCAGC GTGGTCGCGGCCGAGGT-3′ 3′-GCCGGCTCCA-5′
Suppression subtractive hybridization (SSH)
After ligation, the reaction mixtures from the tester and the driver were mixed and hybridized. For first hybridization, samples of Rsa I-digested driver was mixed separately with adapter1-or adapter 2R-ligated tester cDNAs by the ratio of 4:1 (driver over tester) and incubated in the presence of hybridization buffer initially at 98°C for 1.5 min, followed by incubation at 68°C for 8 hours. Two hybridization tubes were then mixed and incubated at 68°C for a second hybridization. Following two rounds of subtractive hybridization, differentially expressed cDNAs were amplified using PCR to amplify selectively the ds cDNAs with different adaptor sequences on each end, followed by a nested PCR to further reduce background and enrich for differentially expressed sequences. In the first PCR amplification, molecules that are missing primer annealing sites cannot be amplified, and those with only one primer annealing site can only be amplified linearly. Due to the suppression PCR effect, most molecules form a pan-like structure that prevents their exponential amplification. Only ds cDNAs with different adaptor sequences on each end can be exponentially amplified. In the second PCR amplification, a nested PCR was used to further reduce background and enrich for differentially expressed sequences. PCR primer 1 was used in 1st suppressive PCR (extension at 72°C for 10 min followed by 25 cycles of amplification with each cycle using the following program: 95°C/30 s, 62°C/30 s, 68°C/2.5 min. PCR primer 1 sequence: 5′-CTAATAC GACTCACTATAGGGC-3′); nested PCR primer 1 and nested PCR primer 2R were used in 2nd suppressive PCR (15 cycles; each cycle with the following program: 95°C/30 s, 68°C/30 s, 7°C/1.5 min, nested PCR primer 1 sequence: 5′-TCGAGCGGCCGCCCGGGCAGGT-3′; nested PCR primer 2R sequence: 5′-AGCGTGGTC GCGGCCGAGGT-3′).
To estimate the efficiency of subtraction, PCR analysis of the abundance of known cDNAs before and after subtraction were performed, using two non-differentially expressed genes (G3PDH and ␤-actin; housekeeping genes), and a gene (IL13) known to be differentially expressed between the drivers and the testers, with the following cycling profile: 94°C/30 s, 60°C/30 s, 68°C/2 min for 18-33 cycles. An aliquot of the PCR products was removed at 18, 23, 28, and 33 cycles for analysis of the abundance of G3PDH and IL-13 cDNAs. The subtracted mixture was then used to generate hybridization probes for screening cDNA microarrays (see below). Quantitative analysis of G3PDH transcripts from tester samples before and after subtraction was also performed using 'real-time PCR' (PE Biosystems Model 7700, Norwalk, CT, USA). An aliquot of tester cDNAs was subjected to PCR following the same procedure as described above, except that the PCR reaction was performed in the presence of 5 m of fluorescent probe containing an internal G3PDH sequence and the reaction was run in PE Biosystem's sequence detector. The level of remitted fluorescent light (dR) was measured, and log(dR) value was computed for each sample. This value is proportional to the amount of PCR product and plotted against the number of amplification cycles.
cDNA array hybridization and data analysis
The PCR mixture of subtracted products was used as the hybridization probe to screen human cDNA arrays on hybridization-ready filters (Genome Systems). The array provided by Genome Systems is a single 22 × 22-cm nylon filter doubly spotted with ෂ45 500 non-redundant cDNA clones chosen from the I.M.A.G.E. collection, and each filter also contains double spotted control cDNA sequences. To generate hybridization probes from each sample and the DNA Orientation Marker (provided by Genome Systems), Amersham's Rediprime DNA labeling system was used. Products from 2nd round suppressive PCR were used for probe synthesis. 45 l of purified PCR product (2 ng/l in dH 2 O ) was first mixed with 5 l of Rediprime mix (Pharmacia, Piscataway, NJ, USA), followed by the addition of 5 l of 33 P-␣-dCTP (3000 Ci/ml). The mixture was incubated at 37°C for 30 min to ensure efficient random labeling. After labeling, the product was passed through a ProbeQuant mini-column (Pharmacia) to remove free dNTPs. Enriched driver cDNA was labeled similarly and used for comparison.
Prior to the hybridization step, the cDNA filters were washed 3 times in 2 × SSC, 0.1% SDS to reduce the residual bacterial debris, transferred to roller bottles and prehybridized in 60 ml prehybridization solution containing 6× SSC, 5× Denhardt's reagent, 0.5% SDS, 100 g/ml fragmented, denatured salmon sperm DNA and 50% formamide for 2 h at 42°C. Hybridization was performed at 42°C for 16 h in hybridization buffer containing NaCl 0.75 m, Na 2 HPO 4 (dibasic-anhydrous) 0.17 m, NaH 2 PO 4 (monobasic-monohydrate), sodium pyrophosphate 0.1% (w/v), Tris (pH 7.5) 0.15 m, 5× Denhardt's Solution, 2% SDS, sheared salmon testes DNA (100 g/ml), and formamide 50%. The filter membranes were washed twice with 50 ml 2× SSC, 0.1% SDS at RT for 5 min each, followed by washing with 100 ml 0.1× SSC, 0.1% SDS at RT for 10 min. Additional washings were performed in 100 ml 0.1× SSC, 0.1% SDS at 68°C for 40 min.
A pair of scanned images for comparison and for discovery of differentially expressed genes were analyzed by Genome Systems' analytical software. The positive spots on each filter pair were determined by calculating the intensity of each spot normalized by the average hybridization signals from negative control DNA and the background (see below). The differentially expressed genes were determined by comparing 'subtracted tester (Filter A)' vs 'enriched driver cDNA (Filter B)' probes.
Data analysis, gene ID and annotation
The data collected in each hybridization experiment was processed by using Genome Systems' analytical software. This software quantifies hybridization signals of each dot after normalization. The intensity of each spot was measured as the mean of the pixel density values multiplied by the area of the target, corrected for background. The background value was calculated as the density values of neighboring pixels that surround each four by four-primary square, and the corrected target intensity was the value subtracted by the density data background correction (density data-density background) × (Area data). To normalize filter A to filter B, the global means for the background corrected values on each filter were derived, and these values were used to normalize each point on filter A with each corresponding point on filter B. Using the normalized data values, each spot intensity was compared to the corresponding spot on another filter. Any spots with a spot-to-spot ratio representing the change in the level of expression for any genes were considered significant (ie differentially expressed) if the change in the average differences were greater than five. Recognizing that the selection of this cutoff threshold is arbitrary, confirmatory tests were performed in samples of the original stock RNAs and of additional RNA samples from other Th2 clones.
The output provided various clone identifications associated with positive EST, a link to the GenBank report for that EST, a link to the TIGR EGAD database for a full length clone, and a list of clones that belong to the same cluster of ESTs, each with gene identification and data links. The array provided by Genome Systems was spotted with cDNA clones chosen from the I.M.A.G.E. collection. From the data output of each comparison, we selected the top 10-100 differentially expressed sequences for verification by end-clone sequencing. The selection of genes for further analysis was based on the ratio of normalized intensity between the subtracted tester and the driver; in most cases these selected clones showed positive hybridization only on Filter A (subtracted tester), and no detectable signal on Filter B (enriched driver). The sequences of confirmed genes were analyzed through comparison with sequences in GenBank and the Genome Data Base using the BLAST database search program. Differential expression of subtracted cDNA sequences and array positive clones were further confirmed by screening RNAs from samples using semi-quantitative RT-PCR. Specific PCR primers were developed from sequence information of array positive clones and from selected sequences corresponding to known genes. Mock RT reactions lacking reverse transcriptase (negative controls) were performed for all primer sets.
